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Summary
Objective: The purpose of the study was to validate a Gradient Peak Method (GPM) by evaluating its accuracy and consistency at different
magnetic ﬁeld strengths. The GPM using magnetic resonance imaging (MRI) was previously proposed to quantitatively assess the
morphology of focal cartilage lesions, and its feasibility was demonstrated.
Methods: GPM quantiﬁes the morphologic properties of cartilage lesions based on their three-dimensional geometry. Twenty-two conical and
cylindrical lesions were surgically created on fresh porcine knees, and the results obtained by GPM were compared with manually measured
lesion dimensions. Another 15 focal lesions of various shapes were created and scanned, and the quantiﬁcation results were compared at 1.5
Tesla and 3 Tesla. Additionally, cartilage lesions in three patients were scanned, quantiﬁed by GPM, and compared with arthroscopic
visualization and measurements.
Results: The average absolute errors of GPM (depth: %0.4 mm; diameter: %1.4 mm) were within twice the in-plane resolution in depth
estimates and within the slice thickness in diameter estimates. Analysis also suggested that the quantiﬁcations of GPM using 1.5 Tesla and 3
Tesla data were not statistically different. Moreover, the GPM results were shown to be consistent with the lesion measurements obtained
arthroscopically.
Conclusions: The GPM using MRI provides estimates of lesion thickness, depth, diameter, and area. With this validation, the method can be
potentially used as an auxiliary tool to help radiologists and physicians assess cartilage lesions quantitatively and monitor disease
progression.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a leading cause of pain and disability,
affecting more than 20 million Americans1. Focal articular
cartilage defects are frequently encountered at arthroscopy
in about one ﬁfth of OA patients and may be responsible for
signiﬁcant clinical symptoms and disability2,3. In addition to
clinical symptoms, the size and depth of focal lesions can
signiﬁcantly affect the decision of treatment plan and the
choice of surgical repair technique. Minimally invasive
arthroscopy a gold standard for cartilage evaluation enables
direct observations of cartilage, and categorical classiﬁca-
tions of cartilage lesions used in arthroscopy are estab-
lished such as the International Cartilage Repair Society
and the French Society of Arthroscopy score systems. Plain
radiographs are also commonly used to determine the
progress of OA of the knee, but poorly detect both mild
cartilage lesions, and severe focal cartilage erosions in
weight-bearing conditions4. On the other hand, magnetic
resonance imaging (MRI) is a non-invasive, sensitive and
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Received 13 July 2004; revision accepted 14 March 2005.728accurate tool to depict cartilage lesions as well as cartilage
morphology5e10,31.
A number of computer-aided analyses using MRI have
been proposed to accurately quantify cartilage thickness
and volume in healthy joints, as well as in diseased knees
by using image postprocessing techniques11e18,30. For
example, Koh et al.19 visualized surgically excised focal
cartilage lesions in cadaveric knees of mini-pigs using MRI.
However, only a few studies have applied computer-aided
image analyses for the quantitative assessment of focal
cartilage lesions13,16,20. Graichen et al.13 used dermal
punches to create focal defects on tibial and patellar joint
surfaces obtained from knee arthroplasty, and used an
MRI-based method to detect the location and diameter of
the cartilage defects. These authors concluded that MRI
can provide accurate information in focal cartilage damage,
and the size of the defect can affect the accuracy.
McGibbon et al.20 used drill bits and scalpels to create
focal lesions on frozen knee joints from elderly donors.
Conical-shaped lesions with various depths were intro-
duced. A method based on cartilage thickness contours
was used to determine the diameter and depth of lesion on
three-dimensional (3D) cartilage thickness maps, producing
more accurate estimates in diameter than in depth. The
maps were obtained from magnetic resonance (MR)
images with a slice thickness of 1 mm. However, neither
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properties that may indicate disease progression and
facilitate in choice of treatment plan.
In using standard 1.5 Tesla MR scanners, limitations are
encountered when depicting subtle surface changes and
small abnormalities. A higher magnetic ﬁeld strength such
as 3 Tesla reportedly increased signal-to-noise-ratio (SNR)
and provided for higher spatial resolution11,21,22. Enhance-
ments in spatial resolution, SNRs, and contrast were shown
to markedly improve the diagnostic capabilities of MR for
cartilage lesions23,24. However, only a small number of
studies analyzed the potential of 3 Tesla vs 1.5 Tesla in
depicting focal cartilage lesions25,26.
We previously proposed a computer-aided procedure,
Gradient Peak Method (GPM)16, to quantify focal cartilage
lesions and demonstrated its feasibility to deﬁne lesion
boundaries based on cartilage thickness gradient and to
quantify morphological properties of focal lesion including
depth, diameter, area, focal thickness, and average (Ave)
normal thickness outside lesion boundaries. In this feasi-
bility study we selected and quantiﬁed nine lesions in seven
patients selected from a cohort OA study. Three subjects
also had follow-up analyses that showed an agreement
between the progression of lesions, as determined using
GPM-quantiﬁed data and radiographical ﬁndings, thus
establishing the feasibility of using MRI for quantitatively
characterizing focal lesions in OA. As an extension of our
prior work, the purpose of this study was to validate GPM
using MRI by (1) comparing the accuracy of GPM with
manually-measured dimensions of lesions surgically created
on the articular cartilage of fresh porcine knees, (2)
comparing the prediction consistency of GPM based on
1.5 Tesla and 3 Tesla scans, and (3) comparing the
morphological predictions of GPM with in vivo arthroscopic
visualization and measurements in human subjects.
Materials and methods
CONTROLLED LESIONS AND MANUAL MEASUREMENT
In a validation experiment, seven porcine knees, slightly
smaller than typical adult human knees, were obtained at
a local slaughterhouse with special attention paid to
freshness and condition of the articular cartilage surface.
Femurs were retained while tissues on the non-articular
surface were removed in order to permit rigid mounting of
the femurs during lesion creation. The specimens were
submerged in 0.1 micromolar phosphate buffered saline at
all times except for tissue removal, lesion creation, and
lesion measurement.
Two types of controlled lesions, cylindrical shape and
conical shape, were surgically created on the cartilage
surface of the porcine femurs on a milling machine.
Cylindrical lesions were created using a 7-mm-diameter
Dremel bit (Robert Bosch Tool Corporation, Mount Pros-
pect, IL), while conical lesions were created using a 6-mm-
diameter drill bit with a conical tip. Care was taken to select
ﬂat, central areas on the trochlea and condyles. The femurs
were mounted by placing the shaft in a vice on a drill press
with the bit oriented perpendicular to cartilage surface
(Fig. 1). A stopper was used to set the drilling depth. Figure 2
shows two lesions created on the trochlea of a femur and
two lesions on the condyles. Using the same technique,
four 1 mm deep cylindrical lesions were prepared on
Specimen 1; three 1.5 mm deep cylindrical lesions were
created on Specimen 2; three 2 mm deep cylindrical lesions
were made on Specimen 3. Moreover, seven 1 mm deepconical lesions were created on Specimens 4 and 5 while
ﬁve 2 mm deep conical lesions were introduced on Speci-
mens 6 and 7. Using a caliper with resolution of 0.1 mm, the
dimensions of the lesions were measured in the following
format (Fig. 3):
(1) for both types of lesions, one diameter measurement
was made on the sagittal (in-plane) plane, and
another diameter measurement was made along
latero-medial (slice) direction,
(2) for a cylindrical lesion, eight depth measurements
were performed equally spaced along the wall of the
lesion,
(3) for a conical lesion, one depth measurement was
taken at the center of the lesion.
The lesions were created and the specimens were
imaged on the same day. Sagittal MR images were
acquired with a SIGNA 1.5 Tesla scanner (GE Medical
Systems, Waukesha, WI) and a dual phased-array coil
(USA Instruments, Cleveland, OH), using a fat-suppressed
spoiled gradient echo (SPGR) sequence with TR of 30 ms,
TE of 3.1 ms, ﬂip angle of 30(, 12 cm ﬁeld of view, 2 mm
thick sections with zero spacing, frequency bandwidth of
G16 kHz and 0.23! 0.23! 2 mm3 voxel size. For a typical
60-slice scan, the scan time was 9 min and 31 s.
Additionally, specimens of conical lesions were scanned
using an identical imaging protocol and 1 mm slice
thickness. The scan time was 19 min for 120 slices.
Two radiologists without prior knowledge of specimens
and patients visually assessed cartilage lesions using a
grade system analogous to the Noyes score in arthroscopy27.
The grades range from 0 to 4, denoting normal, signal
heterogeneity, thinning less than 50%, thinning greater than
50% and full cartilage loss, respectively.
CONTROLLED LESIONS SCANNED AT 1.5 TESLA VS 3 TESLA
In a separate comparison experiment, eight porcine
knees were obtained at a local slaughterhouse. Specimens
were frozen during storage and thawed to room tempera-
ture prior to exposing the articular cartilage using a lateral
parapatellar approach. The meniscus was incised to
improve condylar access but preserved to prevent joint
space reduction. Care was also taken to preserve the
anterior cruciate ligaments, posterior cruciate ligaments,
and patellar tendon in all operations.
Focal lesions (nZ 15) were surgically introduced on the
cartilage surface of femur, tibia, and patella using a ceramic
scalpel (Fine Science Tools, San Francisco, CA), which
eliminated possible metal artifacts caused by the debris of
metallic tools. The focal defects created simulated the
morphology of in vivo cartilage defects according to
a modiﬁed Outerbridge classiﬁcation28 and as depicted in
arthroscopic images29. Based on the examination of gross
pathology, ﬁve of the defects had a depth of less than 50%
of the total cartilage thickness, ﬁve had a depth of more
than 50%, and ﬁve were full thickness loss. Except for full
thickness defects, lesions were graded following MR
imaging by dissecting the specimens and measuring
cartilage thickness with a digital caliper. Since the lesions
varied in shape, manual measurement of the size of
individual lesions was not obtained.
First, sagittal MR images of the specimens were acquired
with a SIGNA 1.5 Tesla scanner (GE Medical Systems,
Waukesha, WI) and a dual phased-array coil (USA
730 Keh-Yang Lee et al.: Focal lesion quantiﬁcation using MRIFig. 1. A porcine femur is shown in the setup of surgical lesion creation. The shaft of the femur is mounted on a drill press, and with a ball joint
(white arrow) the bit is oriented perpendicular to the cartilage surface.Fig. 2. Two lesions are shown created on the trochlea of a femur
and two other lesions are created on the condyles.Instruments, Cleveland, OH), using a SPGR sequence with
TR of 30 ms, TE of 11 ms, ﬂip angle of 30(, 10 cm ﬁeld of
view, 1.5-mm-thick sections with zero spacing, frequency
bandwidth of G16 kHz and 0.20! 0.20! 1.5 mm3 voxel
size. Second, sagittal MR images of the specimens were
acquired with a SIGNA 3 Tesla scanner (GE Medical
Systems, Waukesha, WI) and a dual phased-array coil
(Nova Medical, Wilmington MA), using a SPGR sequence
with TR of 22 ms, TE of 11 ms, ﬂip angle of 30(, 10 cm ﬁeld
of view, 1.5-mm-thick sections with zero spacing, frequency
bandwidth of G16 kHz and 0.20! 0.20! 1.5 mm3 voxel
size. The parameters used for 3 Tesla were optimized
based on image quality and shorter acquisition time by
varying TR from 15 ms to 32 ms and ﬂip angle from 15( to
31(26. Knees were placed in a supine, head-ﬁrst orien-
tation within the center of the coils lined up with the inferior
margin of the patella during scanning. Care was taken
to position the specimens in an identical orientation in
both scanners. All scans at 1.5 Tesla and 3 Tesla were
performed sequentially to prevent disparities between
specimen conditions on different scans. Coils were placed
parallel to one another, medially and laterally to the speci-
men, with the articular surface located centrally between
them.
HUMAN SUBJECTS WITH PREVIOUS ARTHROSCOPIC IMAGES
Three patients (age: 48e60 years) with existing chondral
lesions participated in the study. Video and still images had
been previously obtained using an arthroscope (Stryker
Endoscopy, San Jose, CA), and lesion morphology esti-
mates had been assessed by an orthopedic surgeon (MS).
Informed consent was obtained from all patients after the
nature of the study had been fully explained. The study was
approved by, and performed in accordancewith the rules and
regulations of the local human research committee.
The subjects underwent arthroscopic exams 1e2 months
prior to the MR image acquisition, and such MR scans were
acquired using the protocol described in the validation
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Fig. 3. The dimensions of lesions are measured using a caliper with resolution of 0.1 mm in the following format: (1) for both types of lesions,
one diameter measurement is made on the sagittal (in-plane) plane, and another diameter measurement is made along latero-medial (slice)
direction, (2) for a cylindrical lesion, eight depth measurements are performed equally spaced along the wall of the lesion, (3) for a conical
lesion, one depth measurement is taken at the center of the lesion.experiment. The MR scans were also graded by two
radiologists (TML and LSS) using the grading system
described before.
MR IMAGE ANALYSIS AND GPM
Image acquisition was followed by cartilage segmentation,
cartilage thickness calculation, focal lesion search, and
lesion quantiﬁcation. Semi-automatic cartilage segmentation
was performed on sagittal SPGR images using an in-house,
Java-based software while the remaining computer-aided
analysis was performed using Matlab. The data were
presented in the Cartesian coordinate system where x and
y were the in-plane axes and z was perpendicular to the MR
slices. Cartilage surfaces were ﬁt three-dimensionally using
a triangle-based cubic interpolation. Cartilage thickness was
deﬁned as the distance between bone and cartilage surfaces
along normal directions of 3D bone surfaces. Focal lesions
were predicted based on the deﬁnition that a focal lesion is
a point having the minimal cartilage thickness within a pre-
scribed search range (8 mm was used in the study).
A GPM, which used gradient and curvature on cartilage
thicknessmaps to deﬁne boundaries of the identiﬁed lesions,
was proposed16. In brief, GPM began with lesion boundary
search, followed by morphological property quantiﬁcation.
The boundary deﬁning steps are as follows (Fig. 4):
cartilage surface
(a) (b)
interpolated normal
surface
bone surface 2mm normal area
B2
B1
R1
C
0
∆
Fig. 4. (a) A diagram that helps demonstrate the lesion boundary
search of GPM. C: center of the lesion; q0: initial angle; B1: the point
which has the lowest curvature and a positive gradient at angle q0;
R1: the radius from C to B1; Dq: angular step; B2: the point which
has the lowest curvature and a positive gradient at angle q0C Dq.
(b) Illustration of a sample lesion.1. Point C was an identiﬁed focal lesion from the previous
step on a cartilage thickness map.
2. A ray was traced at an initial angle q0 with one end
anchored at C. Along the ray, the gradient and
curvature of the thickness were calculated and the
point B1 which had the lowest curvature and a positive
gradient was selected as the ﬁrst point of the high
boundary (HB) of the lesion (shown as green circles on
a side view of a lesion in Fig. 4(b)). Similarly, the point
which had the highest curvature and a positive
gradient was selected as the ﬁrst point of the low
boundary (LB) of the lesion (red diamonds in Fig. 4(b)).
3. The ray was rotated by Dq. Within a radial search
range R1GRSR from C (the bold line) on the ray, the
point B2 which had the lowest curvature and a positive
gradient was chosen as the second point of the
boundary. Ri was the distance from C to Bi.
4. Step 3 was repeated until qZ q0C 360(. The HB was
the connected curve of Bi and the LB was formed in
a similar manner.
5. A 2 mm normal strip was deﬁned outside the HB as
a reference normal area.
The estimated morphological properties of lesions in-
cluded (1) focal thickness deﬁned as the smallest thickness
within the lesion, (2) normal thickness as the Ave of the
thickness in the 2 mm normal strip outside HB (shading
area in Fig. 1), (3) lesion depth deﬁned as the difference
between the focal thickness and the normal thickness, (4)
lesion diameter based on HB in the xy (in-plane) direction,
(5) lesion diameter based on HB in the z (slice) direction,
and (6) lesion area based on HB. Since GPM was based on
the gradient and curvature, not thickness, it was better
suited for lesions on undulating surfaces (Fig. 4), which are
commonly encountered in naturally occurring chondral
lesions.
Results
CONTROLLED LESIONS AND MANUAL MEASUREMENT
Two representative conical lesions created on the
trochlea of a femur are shown in [Fig. 5(a)]. Among the
manually-measured data (Table I), the depth (mm)/width
(mm) of the left and right lesions were 2.1/7.8 and 2.1/7.6,
respectively. Both lesions were assessed grade 4, repre-
senting full cartilage loss [Fig. 5(b)]. A cartilage map
obtained from scans with 2 mm slices is shown [Fig. 5(c)]
and the lesion boundaries deﬁned by GPM are displayed in
red dash lines. Based on scans with 2 mm slices, the depth
732 Keh-Yang Lee et al.: Focal lesion quantiﬁcation using MRIFig. 5. Two conical lesions on a porcine knee are shown in (a). (b) An MR slice shows the right lesion (SPGR sequence with TR of 30 ms, TE
of 3.1 ms, ﬂip angle of 30( and 0.23! 0.23! 1.5 mm3 voxel size). Both lesions are grade 4 for full cartilage loss. (c) A cartilage map is shown
on the bone as the lesion boundaries deﬁned by GPM are displayed in red dash lines. The manual measurements and the assessments by
GPM are listed in Table I.(mm)/width (mm) assessed by GPM were 1.6/8.3 for the left
lesion, and 1.7/7.7 for the right lesion (Table I).
The morphological data quantiﬁed by GPM were com-
pared with the manual measurements of the controlled
Table I
The manual measurements and GPM-quantified data of two
representative lesions
The left lesion The right lesion
Manual
measure
GPM result Manual
measure
GPM result
Depth (mm) 2.1 1.6 2.1 1.7
Width (mm) 7.8 8.3 7.6 7.7
Length (mm) 7.8 7.7 7.7 7.8
Area (mm2) 47.3 55.5 46.0 50.4lesions. The Ave and standard deviation (SD) of the absolute
errors are listed in Tables II and III. In all cases, the Ave
errors of GPM-quantiﬁed depth estimates were all equal to or
less than 0.4 mm, and the Ave errors of the diameter
estimates were all equal to or less than 1.4 mm, which are
within the slice thickness of 1.5 mm. In the cases in Table II,
the absolute errors in depth increased as lesion depth
increased in both the conical and cylindrical lesions.
However, the largest percentage error (25%) was observed
in the 1 mm deep conical lesions. In both the cylindrical and
conical groups in Table II, the diameter estimates for deeper
lesions were generally more accurate than those for
shallower lesions, as deeper lesions exhibited a better-
deﬁned shape. Similarly, the accuracy of area estimates
increased as lesion depth increased. Moreover, by examin-
ing all ﬁve groups in Table II together, the GPM-quantiﬁed
depths were strongly correlated with manually measured
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Absolute errors between GPM-quantified data and manual measurement (from scans using 2 mm slice thickness)
Lesion type/depth Depth (mm) xy-Diameter (mm) z-Diameter (mm) Area (mm2)
Ave SD Ave SD Ave SD Ave SD
Cylindrical/1.0 mm 0.1 0.1 0.5 0.4 0.8 1.0 12.7 5.4
Cylindrical/1.5 mm 0.2 0.1 0.7 0.2 1.3 1.1 10.3 4.0
Cylindrical/2.0 mm 0.3 0.2 0.3 0.2 0.2 0.1 5.8 1.8
Conical/1.0 mm 0.2 0.1 1.4 1.5 1.3 0.9 8.9 7.2
Conical/2.0 mm 0.4 0.1 0.7 0.7 0.5 0.8 4.7 3.1depth (RZ 0.83 for cylindrical lesions and RZ 0.91 for
conical lesions). One should note that a 1 mm change in
radius in an 8-mm-diameter lesion translates to a 28 mm2
change in area; therefore, the area estimates by GPM were
within the range of the error stemming from diameter
estimates.
The Ave and SD of the absolute errors for conical lesions
using scans of 1 mm slice thickness are listed in Table III.
For 1 mm deep conical lesions, if the slice thickness was
changed from 2 mm to 1 mm, the AveGSD of xy-diameter,
z-diameter and area estimates improved from 1.4G 1.5
(mm), 1.3G 0.9 (mm) and 8.9G 7.2 (mm2) to 0.8G 0.5
(mm), 0.6G 0.3 (mm) and 3.2G 1.2 (mm2). On the other
hand, the absolute errors did not change signiﬁcantly for
2 mm deep conical lesions between the two different slice
thicknesses.
CONTROLLED LESIONS SCANNED AT 1.5 TESLA VS 3 TESLA
In the comparison experiment, the lesions were created
in various shapes and GPM-quantiﬁed results, based on 1.5
Tesla and 3 Tesla scans, were compared. Lesion properties
obtained included normal thickness, focal thickness, depth,
diameter in the in-plane direction (xy-diameter), diameter in
the slice direction (z-diameter), and area. In Fig. 6, all six
properties obtained from images at 1.5 Tesla are plotted
with those obtained at 3 T, and regression lines are also
plotted. Statistical analysis showed that the results obtained
from 1.5 Tesla and 3 Tesla scans correlated well in four
properties (RZ 0.92 for normal thickness, RZ 0.92 for
focal thickness, RZ 0.65 for depth, RZ 0.88 for xy-
diameter, RZ 0.64 for z-diameter, and RZ 0.92 for area);
all six regression lines were close to the dashed diagonal
lines.
Furthermore, differences were taken by subtracting
3 Tesla data from 1.5 Tesla data for all properties. For
example, a positive difference in xy-diameter for a lesion
suggested that the xy-diameter estimate of 1.5 Tesla was
larger than that of 3 T. The AveGSD of the differences in
normal thickness, focal thickness, depth, xy-diameter, z-
diameter, and area were 0.0G 0.2 (mm), 0.1G 0.2 (mm),
0.1G 0.3 (mm), 0.1G 0.9 (mm), 0.1G 1.0 (mm), and
0.0G 5.6 (mm2), respectively. Therefore, the abovestatistical analysis (NZ 15) suggested that the morpholog-
ical properties quantiﬁed by GPM using 1.5 Tesla and
3 Tesla data at this resolution were not statistically different.
HUMAN SUBJECTS OF CHONDRAL LESIONS
AND ARTHROSCOPIC VISUALIZATION
In the patient study with arthroscopy, the qualitative and
quantitative arthroscopic measurements, GPM quantiﬁca-
tion and radiographical assessment for the three patients
who have chondral lesions were compared (Table IV). An
arthroscopic examination of Patient 1 revealed a large,
irregular-shaped lesion on the medial condyle, while GPM
detected two lesions in the region with a combined
289 mm2 area and a morphology similar to what was seen
on arthroscopy. The central and posterior regions of the
medial femoral condyle of Patient 1 were assessed diffuse/
grade 3. In Patient 2, the lesion as assessed from
arthroscopy by the orthopedic surgeon was 300 mm2 large
on the weight-bearing and meniscal bearing portion of the
medial femoral condyle contacting the tibia between 30(
and 70(; while GPM estimated an area of 501 mm2. The
central and posterior regions of medial femoral condyle of
Patient 2 were assessed diffuse/grade 3 based on its SPGR
images. A representative arthroscopic picture of Patient 2
was compared to a cartilage thickness map with the HB
denoted by a red dashed line. In Patient 3, a 1 cm focal
chondral lesion was reported in an arthroscopic exam
(Fig. 7). By using GPM, a focal lesion was deﬁned on the
trochlea groove with an estimated area of 53 mm2. The
trochlea of Patient 3 was assessed focal/grade 3.
Discussion
Since GPM is based on the gradient and curvature of
thickness, not thickness itself, it is better suited for lesions
on undulating surfaces (Fig. 4), a situation commonly seen
in naturally occurring chondral lesions, giving GPM an
advantage. As the disease progresses, the region of the
damaged cartilage grows and the surrounding cartilage is
most certainly unequally thick. The non-uniformity mayTable III
Absolute errors between GPM-quantified data and manual measurement (from scans using 1 mm slice thickness)
Lesion type/depth Depth (mm) xy-Diameter (mm) z-Diameter (mm) Area (mm2)
Ave SD Ave SD Ave SD Ave SD
Conical/1.0 mm 0.3 0.2 0.8 0.5 0.6 0.4 3.2 1.2
Conical/2.0 mm 0.3 0.2 0.5 0.5 0.7 0.4 3.6 2.7
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Fig. 6. (a) Normal thickness, (b) focal thickness, (c) lesion depth, (d) xy-diameter, (e) z-diameter, and (f) lesion area obtained from 1.5 T data
are plotted with those obtained from 3 T data in the comparison experiment. In each ﬁgure, a regression line is also plotted as a solid line.
A statistical analysis shows that four properties obtained from 1.5 T and 3 T scans correlate well (RZ 0.92 for normal thickness, RZ 0.92 for
focal thickness, RZ 0.65 for depth, RZ 0.88 for xy-diameter, RZ 0.64 for z-diameter, and RZ 0.92 for area).
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The qualitative and quantitative arthroscopic measurements, GPM quantification and radiographical assessment for the three chondral lesion
patients
Arthroscopy GPM Radiographic assessment
Patient 1 A large, irregular-shaped lesion
on the medial condyle
Two lesions of combined 289 mm2 area
detected on the medial femoral condyle
Diffuse/grade 3 on the central
and posterior regions of the
medial femoral condyle
Patient 2 A 300 mm2 lesion on the weight
bearing and meniscal bearing portion
of the medial femoral condyle
contacting the tibia between
30( and 70(
A lesion of 501 mm2 area detected
on the medial femoral condyle
Diffuse/grade 3 on the central
and posterior regions of the
medial femoral condyle
Patient 3 A 1 cm focal chondral lesion
on the trochlea
An almost circular lesion of 53 mm2
area detected in the trochlea region
Focal/grade 3 on the trochlearender methods based on cartilage thickness contours
spurious. Therefore, with its capability to deal with irregular
lesions with unequal sides, GPM has the potential to be
applied to pre-operative assessment as well as disease
progression monitoring.
While the depth measurement by GPM using MR images
of 2 mm slice thickness is as accurate as a previous study
using 1 mm slice thickness20, the diameter measurement
by GPM exhibits larger error and variation. This may be
a result of the spatial resolution in the slice direction. In the
slice direction, the radius of a 7 mm lesion from its center tothe lesion boundary is less than two slices. When
comparing our results of conical lesions based on 1 mm
and 2 mm slice scans, the improvement is signiﬁcant
(Tables II and III). This improvement, however, does not
come without trade-off. The decrease of slice thickness
prolongs scan time and reduces patient comfort, SNR and
image quality. It also renders the imaging more prone to
motion artifacts. Therefore, the improvement of using
thinner slice thickness in our validation study may not fully
beneﬁt patient studies because the cadavers used in our
experiment are free of motion during the scans.Fig. 7. (a) A representative arthroscopic picture, (b) a cartilage map and (c) a representative MR slices of Patient 3. A 1 cm focal chondral
lesion on the trochlea is reported in an arthroscopic exam. By using GPM, a focal lesion is deﬁned on trochlea with an estimated area of
53 mm2. Based on the SPGR MR images, the trochlea of the patient are focal/grade 3. The units on spatial coordinates and on color scale are
both millimeters.
736 Keh-Yang Lee et al.: Focal lesion quantiﬁcation using MRIAlternatively, higher spatial resolution can be achieved by
using a higher ﬁeld system. Potential advantages of higher
ﬁeld strengths include higher image resolution, shorter scan
time, and better soft tissue contrast and SNR. If scan time is
kept unchanged, higher image resolution and/or better
contrast and SNR can be expected. If resolution is kept the
same, scan time can be reduced and/or SNR can be
improved. Our results indicate that when SNR is adequate
and resolution is the same, GPM produces the same results
at 1.5 Tesla and 3 T. One possible drawback at higher ﬁeld
strengths is the increase of susceptibility artifacts; air
bubbles are more noticeable on 3 Tesla images in our
experiment. The goal of our study was to establish that
3 Tesla imaging of focal lesions was at least comparable to
measurements made at 1.5 Tesla and did not suffer from
artifactual drawbacks. The possible improved resolution at
3 Tesla and its impact on the accuracy of GPM was not
evaluated in this study. It is conceivable that 3 Tesla
imaging, improved for contrast-to-noise, and at higher
resolutions provides improved precision and accuracy,
and clearly such studies are warranted and are underway.
The optimization of the ﬂip angle for acquisitions at
3 Tesla and its impact on cartilage SNR as a result of T1
increases at high ﬁeld were not speciﬁcally addressed in
this study. The ﬂip angle was selected so as to ensure
adequate cartilage contrast-to-noise ratio, and the entire
gamut of imaging parameters, different imaging sequences
(such as fat-suppression vs water-excitation) was not
explored. This is a limitation; however, we were compelled
to restrict the scope of this study, so as to focus on the
speciﬁcs of the GPM methodology. Further work on se-
quence comparisons, parameter optimizations is currently
underway.
As reported in the literature, our results also show that the
accuracy of lesion diameter depends on the lesion depth, as
the largest lesions exhibit the smallest error in xy (in-plane)
and z (slice) diameters in both cylindrical and conical lesions.
The reason may be two-fold: the deeper the lesion, the
squarer themargin, and thebetter boundarydeﬁnition.On the
other hand, superﬁcial lesions can be difﬁcult to detect
because of partial volume averaging. Even when the image
plane is orthogonal to the ﬁssure, grade 1 lesions are more
recognizable on convex cartilage surfaces such as on
femoral condyles than on ﬂat cartilage surfaces. Another
potential problem associatedwith partial volume averaging is
deep lesions with square margins. When the lesions are not
orthogonal to the imaging plane, a hole in the middle of
cartilageor a regionof reducedsignal intensitymight beseen,
making it difﬁcult to deﬁne and segment cartilage. Combining
the current technique and signal intensity analysis could
potentially enhance the accuracy of early OA diagnostics.
For this study we explored the role of SPGR in depicting
focal lesions, however, other sequences such as fast spin-
echo, steady state free precession techniques could also be
used. However, the tissue contrast, the resolution vs signal-
to-noise trade-off, and performance at 3 Tesla need to be
assessed in a separate set of experiments. The segmen-
tation and image analysis tools for using images obtained
with these other sequences may also need to be modiﬁed.
These studies while warranted were not within the scope of
this study and will be pursued in the future.
In the human subject experiment, arthroscopic measure-
ments, GPM quantiﬁcation and radiographical assessments
predicted consistent locations of the lesions. GPM results
also showed matched lesion shapes compared with
arthroscopic photos. Although the comparison is interest-
ing, the limitation of the small sample size (NZ 3) preventsthe authors from making any statistical statement but
reporting an initial result. Future experiments are needed
that include a larger sample size and a more rigorous
comparison such as patients scheduled for later open
surgery are involved in order to see comparison among
arthroscopy, GPM and open direct measurement.
In conclusion, we utilized a GPM that we previously
proposed to quantitatively characterize controlled lesions
and naturally occurring lesions, which were compared with
manual measurements, different magnetic ﬁeld strengths,
and arthroscopic exams. The quantiﬁcation provided in-
formation of normal and focal thicknesses, depth, lesion
diameters, and area. The accuracy of the quantiﬁcation was
encouraging, within 1.5 times the in-plane resolution in
depth estimates and within the slice thickness in diameter
estimates. The results also showed consistent predictions
using scans at 1.5 Tesla and 3 Tesla and may help us move
to higher magnetic ﬁelds. With the validation, GPM has the
potential to be used as an auxiliary tool to help radiologists
and physicians to assess cartilage lesions quantitatively
and to improve monitoring of disease progression.
Acknowledgments
The authors thank the support of NIH (RO1AR17762), and
thank Dr Jeffrey C. Lotz for the use of the machine shop.
The authors would also like to thank Ms Gabrielle
A. Blumenkrantz and Mr Ben Hyun for proofreading.
References
1. Lawrence RC, Helmick CG, Arnett FC, Deyo RA,
Felson DT, Giannini EH, et al. Estimates of the
prevalence of arthritis and selected musculoskeletal
disorders in the United States. Arthritis Rheum 1998;
41:778e99.
2. Hjelle K, Solheim E, Strand T, Muri R, Brittberg M.
Articular cartilage defects in 1000 knee arthroscopies.
Arthroscopy 2002;18:730e4.
3. Winaski CS, Gupta KB. Magnetic resonance imaging of
focal articular cartilage lesions. Top Magn Reson
Imaging 2003;14:131e44.
4. Pessis E, Drape J, Ravaud P, Chevrot A, Dougados M,
Ayral X. Assessment of progression in knee osteoar-
thritis: results of a 1 year study comparing arthroscopy
and MRI. Osteoarthritis Cartilage 2003;11:361e9.
5. Bredella MA, Tirman PF, Peterfy CG, Zarlingo M, Feller
JF, Bost FW, et al. Accuracy of T2-weighted fast spin-
echo MR imaging with fat saturation in detecting
cartilage defects in the knee: comparison with
arthroscopy in 130 patients. Am J Roentgenol 1999;
172:1073e80.
6. Cohen ZA, McCarthy DM, Kwak SD, Legrand P,
Fogarasi F, Ciaccio EJ, et al. Knee cartilage topogra-
phy, thickness, and contact areas from MRI: in-vitro
calibration and in-vivo measurements. Osteoarthritis
Cartilage 1999;7:95e109.
7. Macarini L, Murrone M, Marini S, Moretti B, Patella V.
Aspects of magnetic resonance in the surgical
treatment of osteochondral lesions of the knee. Radiol
Med 2003;106:74e86.
8. McCauley TR, Disler DG. Magnetic resonance imaging
of articular cartilage of the knee. J Am Acad Orthop
Surg 2001;9:2e8.
737Osteoarthritis and Cartilage Vol. 13, No. 89. Peterfy CG, van Dijke CF, Janzen DL, Gluer CC,
Namba R, Majumdar S, et al. Quantiﬁcation of articular
cartilage in the knee with pulsed saturation transfer
subtraction and fat-suppressed MR imaging: optimi-
zation and validation. Radiology 1994;192:485e91.
10. Trattnig S,Mlynarik V, HuberM, Ba-SsalamahA, Puig S,
Imhof H. Magnetic resonance imaging of articular
cartilage and evaluation of cartilage disease. Invest
Radiol 2000;35:595e601.
11. Ashman CJ, Farooki S, Abduljalil AM, Chakeres DW.
In vivo high resolution coronal MRI of the wrist at 8.0
Tesla. J Comput Assist Tomogr 2002;26:387e91.
12. Burgkart R, Glaser C, Hyhlik-Durr A, Englmeier KH,
Reiser M, Eckstein F. Magnetic resonance imaging-
based assessment of cartilage loss in severe osteo-
arthritis: accuracy, precision and diagnostic value.
Arthritis Rheum 2001;44:2072e7.
13. Graichen H, Al-Shamari D, van Eisenhart-Rothe R,
Hinterwimmer S, Vogl T, Eckstein F. Accuracy of
quantitative MRI in the detection of ex vivo focal
cartilage defects. Ann Rheum Dis 2005;10.1136/ard.
2004.029678.
14. Graichen H, von Eisenhart-Rothe R, Vogl T, Englmeier
KH, Eckstein F. Quantitative assessment of cartilage
status in osteoarthritis by quantitative magnetic reso-
nance imaging: technical validation for use in analysis
of cartilage volume and further morphological param-
eters. Arthritis Rheum 2004;50:811e6.
15. Kshirsagar AA, Watson PJ, Tyler JA, Hall LD.
Measurement of localized cartilage volume and
thickness of human knee joints by computer analysis
of three-dimensional magnetic resonance images.
Invest Radiol 1998;33:289e99.
16. Lee K, Dunn TC, Steinbach LS, Ozhinsky E, Link T,
Ries MD, et al. Computer-aided quantiﬁcation of focal
cartilage lesions of osteoarthritic knee using MRI.
Magn Reson Imaging 2004;22:1105e15.
17. Lindsey CT, Narashima A, Adolfo JM, Jin H, Steinbach
LS, Link R, et al. Magnetic resonance evaluation of the
interrelationship between articular cartilage and tra-
becular bone of the osteoarthritic knee. Osteoarthritis
Cartilage 2004;12:86e96.
18. Muensterer OJ, Eckstein F, Hahn D, Putz R. Computer-
aided three dimensional assessment of knee-joint
cartilage with magnetic resonance imaging. Clin
Biomech 1996;11:260e6.
19. Koh HL, Kshirsagar AA, Herrod NJ, Carpenter TA, Hall
LD, Hunziker EB, et al. Visualization by magnetic
resonance imaging of focal cartilage lesions in the
excised mini-pig knee. J Orthop Res 1996;14:554e61.20. McGibbon CA, Trahan CA. Measurement accuracy of
focal cartilage defects from MRI and correlation of MRI
graded lesions with histology: a preliminary study.
Osteoarthritis Cartilage 2003;11:483e93.
21. Rand T, Imhof H, Turetschek K, Schneider B, Vogele T,
Gabler C, et al. Comparison of low ﬁeld (0.2 T) and
high ﬁeld (1.5 T) MR imaging in the differentiation of
torned from intact menisci. Eur J Radiol 1999;30:
22e7.
22. Woerler K, Strothmann M, Tombach B, Reimer P.
Detection of articular cartilage lesions: experimental
evaluation of low- and high-ﬁeld-strength MR imaging
at 0.18 and 1.0 T. J Magn Reson Imaging 2000;11:
678e85.
23. Gold GE, Han E, Stainsby J, Wright G, Brittain J,
Beaulieu C. Musculoskeletal MRI at 3.0 T: relaxation
times and image contrast. Am J Roentgenol 2004;183:
343e51.
24. Hargreaves BA, Gold GE, Beaulieu CF, Vasanawala
SS, Nishimura DG, Pauly. Comparison of new
sequences for high-resolution cartilage imaging. Magn
Reson Med 2003;49:700e9.
25. Gold GE, Suh B, Sawyer-Glover A, Beaulieu C.
Musculoskeletal MRI at 3.0 T: initial clinical experi-
ence. Am J Roentgenol 2004;183:1479e86.
26. Masi J, Sell C, Phan C, Han E, Newitt D, Steinbach LS,
et al. Cartilage imaging at 3 Tesla versus 1.5 Tesla:
preliminary results in an animal model. Radiology (in
press).
27. Link TM,Steinbach LS,GhoshS,RiesMD, LuY, LaneN,
et al. Osteoarthritis: MR imaging ﬁndings in different
stages of disease and correlation with clinical ﬁndings.
Radiology 2002;226:373e81.
28. Potter HG, Linklater JM, Allen AA, Hannaﬁn JA, Haas
SB. Magnetic resonance imaging of articular
cartilage in the knee: an evaluation with use of fast-
spin-echo imaging. J Bone Joint Surg Am 1998;80:
1276e84.
29. McGinty JB. Operative Arthroscopy. New York: Raven
Press 1996;411e417.
30. Haubner M, Eckstein F, Schner M, Losch A, Sittek H,
Becker C, et al. A non-invasive technique for 3-
dimensional assessment of articular cartilage thick-
ness based on MRI Part 2: validation using
CT arthrography. Magn Reson Imaging 1997;15:
805e813.
31. Link TM, Lindner N, Haeussler M, Reimer P, Allkemper T,
Jerosch J, et al. Artiﬁcially produced lesions in small
joints: detection with optimized MRI-sequences. Magn
Reson Imaging 1997;15:949e56.
